Plasmonic enhancement of amorphous silicon solar photovoltaic cells with hexagonal silver arrays made with nanosphere lithography by Zhang, C et al.
HAL Id: hal-02113482
https://hal.archives-ouvertes.fr/hal-02113482
Submitted on 28 Apr 2019
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Plasmonic enhancement of amorphous silicon solar
photovoltaic cells with hexagonal silver arrays made
with nanosphere lithography
C Zhang, J Pearce, Durdu Güney
To cite this version:
C Zhang, J Pearce, Durdu Güney. Plasmonic enhancement of amorphous silicon solar photovoltaic
cells with hexagonal silver arrays made with nanosphere lithography. Materials Research Express,
IOP Publishing Ltd, In press. ￿hal-02113482￿
1 
 
Plasmonic enhancement of amorphous silicon solar photovoltaic cells with hexagonal silver 
arrays made with nanosphere lithography 
C. Zhang 1,2, D. O. Guney 2 , J. M. Pearce 1,2,* 
1. Department of Materials Science & Engineering, Michigan Technological University, 
Houghton, MI 
2. Department of Electrical & Computer Engineering, Michigan Technological University, 
Houghton, MI 
 
* Contact author: 
1400 Townsend Drive 
Houghton, MI 49931-1295 
906-487-1466 
pearce@mtu.edu  
Abstract  
Nanosphere lithography (NSL) provides an opportunity for a low-cost and scalable method to 
optically engineer solar photovoltaic (PV) cells.  For PV application, NSL is widely used in rear 
contact scenarios to excite SPP and/or high order diffractions, however, the top contact scenarios 
using NSL are rare.  In this paper a systematic simulation study is conducted to determine the 
capability of achieving efficiency enhancement in hydrogenated amorphous silicon (a-Si:H) solar 
cells using NSL as a top contact plasmonic optical enhancer. The study focuses on triangular 
prism and sphere arrays as they are the most commonly and easily acquired through direct 
deposition or low-temperature annealing, respectively. For optical enhancement, a characteristic 
absorption profile is generated and analyzed to determine the effects of size, shape and spacing 
of plasmonic structures compared to an un-enhanced reference cell. The factors affecting NSL-
enhanced PV performance include absorption, shielding effects, diffraction, and scattering. In the 
triangular prism array, parasitic absorption of the silver particles proves to be problematic, and 
although it can be alleviated by increasing the particle spacing, no useful enhancement was 
observed in the triangular prism arrays that were simulated. Sphere arrays, on the other hand, 
have broad scattering cross-sections that create useful scattering fields at several sizes and 
spacing intervals. For the simulated sphere arrays the highest enhancement found was 7.4%, 
which was fabricated with a 250nm radius nanosphere and a 50nm silver thickness, followed by 
annealing in inert gas. These results are promising and provide a path towards the 
commercialization of plasmonic a-Si:H solar cells using NSL fabrication techniques. 
Keywords: amorphous silicon; hydrogenated amorphous silicon; silver; plasmonic; hexagonal 
array;photovoltaic 
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1. Introduction 
Hydrogenated amorphous silicon (a-Si:H) solar photovoltaic (PV) cells provide an inexpensive 
alternative to bulk crystalline silicon (c-Si) cells [1,2]. Compared to c-Si cells, whose thickness 
ranges from ten to hundreds of microns, the high absorption coefficient of amorphous silicon 
enables a-Si:H PV to absorb sufficient solar radiation at submicron level [1,2]. Although material 
costs are reduced, a-Si:H cell efficiencies are lower as the material suffers from high defect 
density and short minority carrier diffusion length [3]. Additionally, a-Si:H has light induced 
degradation known as the Staebler-Wronski Effect (SWE) [4–6], which is dependent on the 
thickness of the absorber material (i-layer) in an a-Si:H device. Light trapping mechanisms are 
necessary to assist in alleviating both of these challenges and several forms of optical 
enhancement have been used in the past [7,8].  
One common approach is to introduce a textured anti-reflection surface, which inevitably 
increases the amount of surface defects, hence increasing recombination sites [9,10]. In order to 
avoid this deficiency, surface plasmonic nanostructures provide a promising approach to 
enhancing optical absorption in thin film solar cells and have therefore been investigated [11,12]. 
Top contact optical enhancement methods have an advantage in terms of fabrication simplicity 
and avoidance of the substrate effect from the protocrystalline nature of Si:H [13,14] that 
introduces defects in the i-layer. Many studies have shown the benefits of the light trapping 
effect through top metallic scatterers [15–17]. In addition, if the metal is made up of 
nanoparticles, they not only behave as light scatterers but also enable light trapping through high 
order diffraction [18,19], Fabry-Perot resonance [20], and decrease the top contact sheet 
resistance.  
Although the advantages of plasmonic structures have been well investigated, no plasmonic–
based a-Si:H solar cell has been commercialized due to two primary reasons: 1) the effect was 
demonstrated on unrealistically thin solar cells [21] that if scaled demanded an ultra-thin 
transparent conducting oxide [22,23] and 2) current fabrication constraints. Recently, work on 
ultra-thin TCOs has been successful [22], which provides the potential to use this approach on 
full solar cells. However, traditional fabrication techniques, such as e-beam lithography and 
focused ion beam, are cumbersome, expensive and difficult to scale up, therefore making them 
improbable for industry level fabrication. Nanosphere lithography (NSL), however, provides a 
low-cost scalable technique: by self-assembly, NSL creates size- and shape-controllable colloidal 
masks, which ease the fabrication of plasmonic patterns via common evaporation or sputtering 
tools. Depending on the techniques and procedures, patterns like triangular prism [24], rod [25], 
cylinder [26,27], ring [25,28] or dot [24,25] are developed and their size and spacing can be 
tuned by selecting appropriately sized spheres.  
Previous work provides an opportunity to use NSL for light management on the front surface of 
a commercial a-Si:H PV cell. Van Duyne et al. completed extensive research on the optical 
properties of NSL-fabricated plasmonic arrays [24] and Morarescu et al. studied the localized 
surface plasmon in gold triangular array for sensing applications [29]. For PV application, NSL 
is widely used in rear contact scenarios to excite SPP and/or high order diffractions [30–33]. 
However, the top contact scenarios using NSL are rarely found in literature. Giulia et al. report 
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on a conceptual cells with the capability of 88% absorption using a tapered triangular prism 
nanoarray for a metal-insulator-metal structure [34]. The discovery, although using a conceptual 
solar cell, inspired the study of using NSL in top contact scenarios for thin film solar cells.  
Here a systematic simulation study is conducted to determine the capability of achieving 
efficiency enhancement in a-Si:H solar cells using NSL as a top contact plasmonic optical 
enhancer. The study focuses on triangular prism and sphere arrays as they are the most 
commonly and easily acquired through direct deposition or low-temperature annealing, 
respectively. Other patterns such as cylinders, rings or bowls require additional processing and/or 
equipment that is cost efficient for commercialization. The reference cell to be employed has the 
same structure without the presence of the plasmonic nanoparticles. For optical enhancement, a 
characteristic absorption profile is generated and analyzed to determine the effects of size, shape 
and spacing of plasmonic structures. Conclusions are drawn to validate the feasibility of 
fabricating commercial cells with this low-cost, widely-accessible, and easily-scalable method. 
 
2. Background: Surface plasmon induced scattering 
For top contact plasmonic-enhanced PV, the mechanism that contributes to the optical 
enhancement is forward scattering where the electric field of the incoming plane wave excites a 
collective oscillation of free electrons in the conduction band in a metal particle, causing re-
radiation of light from the metal particle’s surface. For particles of subwavelength dimension, the 
solutions to Maxwell’s equation transits from the Rayleigh model to the Mie model [35]. 
According to Mie’s theory, two important physical quantities can be obtained: the scattering and 
absorption cross-sections, which are defined as the net energy rate of scattering radiation and 
absorption divided by the incident irradiance. For the scattering field emitted from a dipole 
moment, the scattering and absorption cross-sections can be expressed as [35]: 
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where pε  and mε  are the relative dielectric functions of a metal particle and the medium 
respectively, a  is the radius of the particle and q  is a dimensionless quantity equaling ka , k  is 
the wave vector in the medium. From the equation it can be seen that surface plasmon resonance 
occurs when mp 2ε=ε − , at which both the scattering and absorption cross-sections exceed the 
geometrical cross section. Thus, full extinction of the incoming light can be achieved with a 
fraction of surface coverage. A typical silver nanoparticle with a diameter of 90nm creates a 
scattering cross-section 10 times larger than that of the geometry cross-section. In addition to 
dipole modes, radiation damping and dynamic depolarization in large particles break down the 
quasi-static approximation and enable higher order modes to exist [36,37]. Akimov et al. 
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discovered the separation of scattering and absorption induced by high order modes, which 
makes them advantageous in thin-film solar cell applications [38].  
Surface plasmon resonance is significantly influenced by particle size, shape and the surrounding 
environment. For PV applications, the ideal resonance covers a broad range of the spectrum 
where the photo-active material absorbs most of the radiation (in a-Si:H based PV this is the i-
layer). In addition to the scattering cross-section, the corresponding absorption cross-section 
should be attenuated to avoid absorption competition with the photo-active material. Those are 
the two principles in designing a plasmonic-enhanced cell. However, NSL has its limitations in 
pattern creation. With nanospheres of a fixed size, the close packed hexagonal array pattern is 
the only pattern available. Efforts have been made to extend the diversity of geometric patterns 
through NSL using multilayers [24], non-close packed arrays [39,40], and non-hexagonal 
symmetries [40]. However, literature rarely reports applications of these novel structures, largely 
due to the difficulty in uniformly replicating these structures, particularly over large areas.  
In this study, two of the most common structures from NSL are investigated and the results 
compared for the 1) nano-triangular prism array by direct deposition through a colloidal mask 
and 2) the nanosphere array following the gentle annealing of the nano-triangular prisms. These 
approaches do not require sophisticated equipment or processing. They are both stable, provide 
high yield products and are straight forward to scale up at low-cost, meeting the industrial 
requirements for commercial solar cells.  
 
2. Methods 
The simulation is carried out using COMSOL Multiphysics 5.1 with the RF module package, 
which is based on finite element methods (FEM). The scattering cross-section study and solar 
cell performance analysis are performed separately with different setups, as described below.  
2.1 Cross section model 
Simulation work for cross-section analysis is based on a single scatterer where the interaction 
with scattered fields from other scatterers are neglected. The isolation is necessary in order to 
obtain an accurate calculation of the cross-sections. The interactions between the scatterers are 
included in the cell simulation in which the array of scatterers is taken into account. Models for 
the triangular prism and sphere cross-section analysis are shown in Fig 1 a and b, respectively. 
Silver nano-triangular prisms/spheres sit at a square center, the top and bottom half of the model 
are air and ITO, each with a thickness of 750nm to provide a far enough space for the scattered 
and incident fields to propagate. To represent a real cell environment, the ITO used in the 
simulation has the same optical parameters as the one used in the reference cell. The definition of 
triangular prism dimensions is shown in Fig 2. The three enclosing nanospheres of radius R 
specify the triangular prism geometry. The tips of the triangular prisms are filleted to avoid 
numerical errors around the sharp tips. The spheres are annealed triangular prisms whose volume 
is assumed to be constant during the shape transformation, therefore the spheres are specified by 
and compared with their triangular prism counterparts. The whole structure is enclosed by a 
150nm thick, perfectly matching layer to absorb all propagating and evanescent waves. Incident 
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plane waves of intensity 0I  and polarization in the y-direction are excited through the port setup. 
The scattering and absorption cross-sections are derived from the following equations: 
𝜎𝜎𝑠𝑠𝑠𝑠 =
∯𝑷𝑷𝒔𝒔𝒔𝒔∙𝒏𝒏𝑑𝑑𝑑𝑑
𝐼𝐼0
 (3) 
𝜎𝜎𝑎𝑎𝑎𝑎𝑠𝑠 =
∭𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑑𝑑𝑑𝑑
𝐼𝐼0
 (4) 
where dS and dV are the differential surface area and differential volume of the nanoparticle, 
respectively. scP  is the Poynting vector of the scattered field, n  is the unit vector normal to the 
particle surface, and lossQ  is the power density lost in nanoparticle. 
 
Fig. 1 Models of a single scatterer: silver triangular prism (a) and silver sphere (b), shaded 
domains are physical entities, transparent domains are perfectly matching layers (PMLs). 
(a) (b) 
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Fig 2. 2D top view of triangular prism model, silver triangular prism dimension is defined by the 
grey shaded  area surrounded by three masking nanospheres with radius R. W is the length of the 
unit cell, t_pml is the thickness of the PMLs. The triangular prism tips are tapered to reflect the 
real triangular prisms produced in fabrication, as well as to avoid numerical errors around the 
narrow regions in simulation. 
2.2 Solar cell model  
The reference cell employed, shown in Fig. 3, consists of 200nm silver and 100nm aluminum 
doped zinc oxide (AZO) as the back contact, followed by n-, i-, and p-type hydrogenated 
amorphous silicon (a-Si:H) photo-active layers with thicknesses of 22.4nm, 350.5nm, and 
17.5nm, respectively. A 36nm optimized indium tin oxide layer [22] serves as the top contact, 
which is thinner than common commercial PV cells in order to be able to use plasmonic 
enhancement. Dielectric functions of the p-, i-, and n-type a-Si:H, AZO and ITO are measured in 
J.A. Woolam’s variable-angle spectroscopic ellipsometer, and the silver data is acquired from S. 
Babar [41].  
R 
W 
t_pml 
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Fig 3. Reference solar cell structure.  
Given the dielectric functions and geometry constants of each layer, the method solves for the 
full Maxwellian equations in a constrained range of the solar spectrum where a-Si:H is active 
(300nm to 750nm). Periodic boundary conditions are applied to include interactions between 
nanoparticles as an array, and also to help reduce the computation resource usage due to lattice 
symmetry. Electromagnetic waves polarized in the y-direction are sent through a port on top of 
the structure. PML layers sandwich the cell to absorb escaping waves. The model has included 
all major optical processes occurring in the structure and is hence very close to real situation. 
The simulation models are described in Fig. 4.  
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Fig. 4. Models of a-Si:H solar cell with a silver triangular prism (left) and a silver sphere (right), 
layers from bottom to top are PML (150nm), silver (200nm), AZO (100nm), n-a-Si:H (22.4nm), 
i-a-Si:H (350.5nm), p-a-Si:H (17.5nm), ITO (36nm), silver particles (various sizes) and air 
(thickness = 2x wavelength). PEM and PMC boundary conditions are applied on four sides to 
reduce the computation domain to its ¼. 
 
The power loss densities in each layer are integrated over their volumes to obtain a global 
absorption profile. The integrated absorption in the i-layer over the AM 1.5 solar spectrum is 
employed as the standard in the study for cell performance measurement and comparison, as 
seen in the equation below: 
 𝑃𝑃 =  ∫𝐴𝐴(𝜆𝜆)𝑄𝑄𝐴𝐴𝐴𝐴1.5(𝜆𝜆)𝑑𝑑𝜆𝜆 (5) 
P  is the absorbed power density, A  is the ratio of absorbed power to incident power, AM1.5Q  is 
the solar irradiance spectrum, and air mass = 1.5, obtained from the National Renewable Energy 
Laboratory (NREL)[42]. 
3. Results and Discussion 
Scattering cross-sections of single triangular prism and sphere scatterers are illustrated in Fig. 
5(a-d). The shaded area is the photo-active region of a-Si:H and the scattering falling in this 
region will be advantageous in plasmonic enhancement. The triangular prism spectrums show 
two well-separated peaks. The two peaks are associated with two localized surface plasmonic 
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resonance (LSPR) modes – the first order dipole mode (l=1) at longer wavelengths, and the 
second order quadrupole mode (l=2) at shorter wavelengths. The simulations agree with 
previously established experimental results [29]. Both peaks are subjected to broadening and red-
shifts as the nanosphere size increases. Dipole peaks are more sensitive to size changes and move 
faster towards infrared, leading to scattering outside the a-Si:H photo-active region (Fig 5.a). The 
quadrupole peak is weak in shadow triangular prisms and grows fast as the thickness increases. 
In Fig 5. b, a weak peak occurs at 380nm and red-shifts slightly with the triangular prism 
thickness, which can be attributed to resonance at higher (l>2). The peak overlaps and merges 
with its quadrupole neighbor in thicker triangular prisms.  High order modes are considered a 
result of inhomogeneous polarization and are normally seen in larger particles [43]. When the 
tringle height increases to be comparable to the incident light wavelength, the incident light 
cannot polarize the triangular prism within constant phase, this inhomogeneous polarization 
leads to an electric field gradient in the triangular prism and consequently, significant retardation 
of the resonance allows high order modes to arise and even dominate the dipolar resonance when 
h=200nm in R=350nm. In Fig. 5b there is a tendency for the quadrupolar and dipolar mode 
resonance peaks to overlap each other as the thickness of the triangular prism increases. The 
interferences between the quadrupole and dipole may give rise to Fano resonance, which can be 
tuned to maximize forward light scattering and benefit a-Si:H absorption [44].  
Cross-section profiles of sphere silver scatterer have been widely studied and discussed. For PV 
applications, sphere particles are preferred over triangular prisms due to the larger, broad-
spectrum scattering cross-sections of the sphere. More importantly, for a-Si:H, scattering cross-
sections stemmed from spheres have better spectral coverage in the photo-active region. Unlike 
triangular prisms, spheres are geometrically isotropic and therefore do not have well-separated 
resonance peaks. Dipole resonance overlaps with high order peaks to provide broader peaks from 
340nm to 800nm for larger particles (Fig. 5. c. d). As the sphere size increases, the separation of 
the resonance peaks becomes noticeable; for example, in Fig. 5 d, in the h=200nm group, the 
dipole, quadrupole, and octupole peaks are at 520nm, 460nm and 400nm respectively. As with 
the triangular prisms, the scattering cross-section red-shifts and becomes stronger with the 
particle sizes. As pointed by Akimov, higher order modes can contribute significantly to thin-
film cells by maximizing the scattering within while leaving the absorption peak outside the 
photo-active region [38]. Theoretically, NSL allows the creation of sphere particles of any size. 
This makes the method extremely useful in PV applications as one can tune the scattering peak 
to be within the spectrum where absorption is weak due to poorly trapped light.  
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Fig 5. Scattering cross-sections of silver triangular prisms (a and b) and spheres (c and d) scatterer. R is 
the radius of nanospheres in NSL and h is the deposited silver thickness. The metrics apply to the sphere 
array under the assumption that the volume of the plasmonic nanoparticles is not changed during 
annealing. 
The optical absorption rates of the i-layers of the modeled nanoparticle enhanced plasmonic cells 
are shown in Fig. 6 (R=250nm, h=50nm). The reference cell’s i-layer absorption rate is also 
shown for comparison. The interaction between the incident light and silver nanoparticles on top 
of the cell is complicated, and therefore the absorption in silver nanoparticles is also shown in 
Fig. 6 to better illustrate this interaction. 
 
11 
 
300 400 500 600 700
0.0
0.2
0.4
0.6
0.8
1.0
(a)
5
4
3
2
 
 
Ab
so
rp
tio
n 
ra
te
Wavelength(nm)
 Reference
 i-layer
 Ag
1
300 400 500 600 700
0.0
0.2
0.4
0.6
0.8
1.0
(b)
3
2
 
 
Ab
so
rp
tio
n 
ra
te
Wavelength(nm)
 Reference
 i-layer
 Ag
1
 
Fig.6. Absorption profile of the i-layer for the triangular prisms (a) silver nanoparticles array and sphere 
(b) silver nanoparticles array, assembled by NSL (R=250nm, h=50nm) 
The absorption profile in the i-layer for the triangular prism array shows an overall scaling-down 
compared to the reference profile, clearly indicating that a triangular prism array of this 
geometry damages cell performance. A triangular prism array of this size and geometry is not 
able to provide a strong scattered field into the i-layer because the dipole scattering cross-section 
peak is out of the active wavelength range, hence there is not a significant scattering effect to 
increase absorption in the i-layer at relevant wavelengths for PV. While high order scattering 
falls in the active spectral regions, however, the scattering that stems from high order resonance 
is weak (Fig. 6 (a,b)) and not well-separated from the corresponding absorption, which competes 
with the i-layer and hence negatively contributes to optical enhancement. The high absorption 
rate in triangular prism nanoparticles can be attributed to their anisotropic geometry, which 
concentrates and dissipates energy at the triangular prism tips. To characterize the near field 
effect and explore the room for optimization, the absorption profiles of the triangular prism 
nanoparticles was studied. Five absorption peaks are identified at 390nm 490nm, 600nm, 680nm 
and 710nm (Fig. 6. (a)), with the plotted field distribution in the xy- and yz-planes corresponding 
to each peak, as shown in Fig. 7.  
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(a)
 
(b)
 
(c)
 
(d)
 
(e)
 
 
Fig. 7 Silver triangular prism array electric field normal mapping at 390nm, 490nm, 600nm, 680nm, 
710nm (a-e). The mapping is drawn at the xy-plane (z=ztriangle_base) and the yz-plane (x=0), shown to the 
left and right respectively for each subset. Incident wave polarization in the y-direction 
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In Fig. 7 a) and b), the field distribution across the triangular prisms is found to be along the 
edges of the particle, whereas the distribution in c), d) and e) is mainly concentrated on the tips. 
This concentration process becomes more prominent with different wavelengths. According to a 
recent study by Herr et al. the near-field enhancement (E/E0 ) can reach up to 80 at the triangular 
prism bowtie gaps [45]. In the yz-plane mapping, the distribution of the enhanced electric field is 
highly discrete, with multiple hot spots arising around the corners of the triangular prism. As 
previously discussed, the dipolar mode of triangular prisms of this size occurs at 800nm, which 
is out of the spectrum being considered. The emergence of multiple absorption peaks comes 
from the high order modes and the interactions between them. Due to broken symmetry and the 
excitation of high order modes, a non-linear optical process and a second harmonious emission 
can occur at lower wavelengths [46]. Fig. 7 a) and b) shows that the enhancement of the near 
field tends to selectively reside on the edges, a typical sign of retardation, in which only a 
fraction of the triangular prism experiences the polarization [47]. In the red region of the 
electromagnetic spectrum, the enhanced near field is concentrated at the tips, which is more 
dipolar-like. Due to the blocking ITO layer and low carrier life time in the p-layer, the i-layer 
does not benefit from the near field enhancement; on the contrary, the excitation of those modes 
causes strong energy dissipation within the triangular prism. Consequently the triangular prism 
array is not an ideal scatterer for a-Si:H cells. It is worth noticing that in Fig. 7, d) and e), the 
plasmonic resonance, coupled into the waveguide mode, leads to high order diffraction modes 
propagating within the i-layer. The small peak at 680nm confirms this analysis. The diffraction 
that occurs at 710nm is close to the absorption limit of a-Si:H, and the contribution to the 
enhancement is therefore negligible. 
For sphere hexagonal arrays (R=250nm, h=50nm), three silver absorption peaks are identified at 
380nm, 430nm 610nm, corresponding to octupole, quadrupole and dipole resonances 
respectively. Absorption in dipolar resonance contributes less than 1% of the total absorption, 
from Equation 1 and 2, and its corresponding scattering cross-section can be many fold greater 
than the absorption cross-section, which boosts a-Si:H absorption at longer wavelengths. The 
increase in i-layer absorption around 610nm supports this analysis. With the high order modes, 
resonance can be both beneficial and detrimental. The field distribution snapshot at the xy-plane 
(z=zsphere_center) and the yz-plane (x=0)
 
were taken and shown in Fig. 8(a-c). 
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(a)
 
(b)
 
(c)
 
(d)
 
Fig. 8 Silver sphere array electric field normal mapping at 380nm, 430nm, 610nm and 680nm (a-d). The 
mapping is drawn at xy-plane (z=zsphere_center) and yz-plane (x=0), shown to the left and right respectively 
for each subset. Incident wave polarization in y-direction. Sphere array fabricated by NSL using a 
nanosphere radius of R = 250nm, with deposited silver thickness h = 50nm. 
As previously discussed, the separation of absorption and scattering in multiresonance modes 
can be beneficial if they are engineered to be absorptive outside the a-Si:H active region while 
scattering inside that region. However, to achieve this with NSL is difficult since the latter offers 
limited options in engineering the inter-particle spacing. In this case, the enhancement from 
450nm to 580nm is gained from the useful scattering originated from both dipolar and higher 
order modes resonance. The drawback at <450nm region is a consequence of high order modes 
absorption, where the enhancement becomes negative. Field distribution shows that the 
backward scattering/diffraction also causes the losses. Plasmonic coupling of incident light 
results in strong backward diffraction at both 380nm and 430nm (Fig. 9 (a,b). Useful diffraction 
found at 680nm gives rise to a small bump in the i-layer absorption profile (Fig. 9 d), but this is 
not as strong as the diffraction caused by triangular prism array at the same wavelength.  
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Fig. 9. Absorption profile of the i-layer and silver nanoparticles for triangular prism (a,c) and sphere (b,d) 
arrays at R=250nm (a,b) and h=50nm (c,d) 
Fig. 9. shows the changes in the absorption profile as R and h vary.  The behavior in the 
triangular prism array case is complicated and none of the results so far show a promising 
enhancement, compromising the cell performance rather than boosting it. Fig. 9 (a) shows the 
spectral sensitivity of the silver particle absorption. As can be seen in Fig. 9a, there are three 
major high order absorption peaks that red-shift with the increasing thickness as they all grow in 
strength. Those not red-shifted are newly emerged peaks as the thickness increases. A greater 
thickness appears to require longer wavelengths of the incident wave to interact with the entire 
triangular prism structure, and the chances of creating an electric field gradient along the 
triangular prism pillar also increases, hence increasing the retardation effect. This explains the 
stronger, red-shifted higher order absorption peaks. The scattered field induced by high order 
resonance, though showing a significant increase from previous analysis, still cannot compete 
with the absorption. In addition to thickness, increases in R have the opposite effect: absorption 
peaks are pushed slightly towards red and the fraction of energy absorbed by particles is reduced 
significantly. For instance, the absorption profile of the triangular prism with R=500nm, 
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h=50nm is nearly a flat line, with only weakly observable peaks. Although the corresponding i-
layer absorption increases, this increase is not sufficiently significant to show enhancement when 
compared to the reference cell. The reason for this could be the increased reflection caused by 
larger triangular prisms, which behave more like mirrors that reflect light out of the cell rather 
than scatter light into it. A closer analysis of the absorption rate shows the complementary 
characteristics between the i-layer and the nanoparticles, indicating that the absorption of 
nanoparticles is the main source of performance degradation. In the worst case scenario, the 
triangular prism array delivers an enhancement of -43% at R=250nm, h=150nm. The diffraction 
peak is subject to system symmetry and is hence located at 680nm regardless of triangular prism 
dimensions. The intensity of this peak, however, relies on the coupling of the plasmonic 
resonance in the nanoparticle, and it can therefore fluctuate with geometry, as observed in Fig. 9 
a,c. In this series, the diffraction peaks are generally not strong enough to compensate the losses 
from the parasitic absorption in the triangular prisms. More importantly, both solar irradiance 
and a-Si:H absorption are weaker at 680nm, therefore limiting the benefit from diffraction .  
The sphere arrays show similar profiles as discussed for the R=250nm, h=50nm case. The 
sphere size is expressed in R and h for fabrication convenience, bearing in mind that the R and h 
themselves do not directly represent the sphere size, which is a result from annealing a triangular 
prism fabricated using R and h metrics. In the sphere cases, both R and h control the size, with R 
additionally also governing inter-particle spacing. The previous discussion has shown that large 
particles deliver more scattered light by supporting the excitation in high order modes. It is also 
observed that larger sphere sizes generally result in better overall optical enhancement (Fig. 9, 
b). The sphere sizes should not be too large, however, or they will shield the a-Si:H underneath 
from sunlight. The sphere spacing is also important, as can be seen in Fig. 9, d, where the 
absorption peak is significantly raised when the spheres are close to each other. The consequence 
of this is a decrease in the i-layer absorption at the same wavelength range. A well-separated 
sphere array shows mild absorption in high order absorption profiles despite an increased radius 
(Fig. 9,d). Nevertheless, the overall influence of the nanoparticles is complicated, and trade-offs 
occur between better scattering and a lower shielding effects, leading to the optimization for R 
and h. It should also be noted that the diffraction peak in the sphere array is much weaker 
compared to its equivalent triangular prism array. One explanation of this phenomenon is that the 
support from surface plasmon polariton (SPP) spheres as the contact surface is far less when 
compared to the triangular prisms, resulting in less coupling of the diffraction modes.  
NSL-based solar cells allow for two degrees of freedom for optimization: the nanosphere radius 
R and the silver film thickness h. Smaller spheres are created by reducing the silver deposition 
time while keeping the R constant. Therefore, in the triangular prism array, the ratio of shaded 
area to the entire surface is constant and independent of R, while it can fluctuate with sphere 
arrays, whose coverage changes with both R and h. The optimization is performed to tune both h 
and R to maximize the performance of the solar cell. The absorption rate is integrated into the 
solar irradiance spectrum (air mass = 1.5) to obtain the optical enhancement, OE. Table. 1 shows 
the OE of modeled a-Si:H plasmonic-enhanced solar cells.  
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Table 1. AM1.5 solar irradiance spectra integrated optical enhancement (OE) for triangular prism 
and sphere arrays fabricated by various R and h combos. 
R (nm) h (nm) OE triangle (%) OE sphere (%) 
150 
 
25 -13.34 4.30 
50 -26.73 6.62 
100 -43.56 3.48 
150 -54.76 -8.75 
200 -60.24 -26.35 
200 
 
25 -10.10 4.80 
50 -18.38 7.22 
100 -35.00 3.09 
150 -48.05 -10.34 
200 -57.72 -27.37 
250 
 
25 -7.87 4.73 
50 -11.40 7.40 
100 -23.08 4.40 
150 -34.24 -4.86 
200 -43.61 -15.79 
300 
 
25 -7.32 4.19 
50 -9.12 3.46 
100 -15.86 -4.12 
150 -23.68 -11.51 
200 -27.19 -17.77 
350 
 
25 -6.43 4.71 
50 -7.09 2.88 
100 -11.24 -7.26 
150 -15.02 -14.37 
200 -16.93 -19.52 
400 
 
25 -5.73 4.85 
50 -5.76 3.94 
100 -8.00 -6.14 
150 -13.95 -15.47 
200 -17.36 -22.15 
450 
 
25 -5.48 4.30 
50 -4.51 4.42 
100 -4.89 -1.00 
150 -10.07 -6.26 
200 -13.96 -10.25 
500 
 
25 -5.47 1.88 
50 -4.98 1.50 
100 -4.72 -0.45 
150 -9.01 -2.51 
200 -11.41 -4.57 
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Fig. 10 AM1.5 solar irradiance spectra integrated optical enhancement (OE) contours plot against 
R and h for triangular prism (a) and sphere (b) arrays.  
As can be seen in Table 1, there is no positive OE observed for triangular prism arrays with any 
of the investigated parameters. From previous near field analysis it is clear to see that enhanced 
field is strongly localized at triangular prism hot spots like edges and tips. The absorption 
profiles indicate the energy is absorbed and dissipated as heat rather than causing useful 
diffraction or scattering. The greater the thickness, the larger the surface area that creates hot 
spots, as can be seen from Fig. 10. a) As such, given the nanosphere radius R, OE losses increase 
with the silver film thickness, h. Simultaneously, at a constant h, larger nanospheres improve the 
OE but do not elevate it to above zero. Absorption is drastically reduced when the nanoparticle 
size becomes comparable to the half-wavelength of light, with resonance peaks moving far to the 
infrared region and the useful scattering within the photo-active spectral range also being 
reduced. The large triangular prism array on top of ITO serves as a mirror, shading the cell from 
incoming sunlight. Hence, even when absorption is not a limiting factor in cell performance, the 
shading effect still cuts the cell performance. Fig. 10 a) additionally shows that the effective 
shading is less harmful than the parasitic absorption in nanoparticles, as can be seen in the much 
more negative OE with the smaller nanospheres. For the sphere array, a useful enhancement of ~ 
7% is crowded in the bottom-left corner in Fig. 10 b), suggesting that smaller nanospheres with a 
moderate silver thickness could produce the best results. Silver sphere particles that are too 
closely packed reduce the OE. This phenomenon could possibly be explained by large shading 
areas. For R = 150nm, h = 200nm, the effective coverage of silver particles reaches 20%, where 
useful scattering cannot compensate the shading losses. The absorption of the silver spheres rises 
significantly with larger particles, with R = 150nm, h = 200nm the absorption peaks, showing 
60% of the energy flux are converted into heat. Destructive interference between scattered fields 
is another reason for reduced enhancement. In Fig. 8 b), a distorted near field is observed, 
indicating the excited near fields at the sphere gaps are repelling each other. Although using 
larger nanospheres lessens this parasitic absorption, the overall enhancement is not as prominent 
as with smaller nanospheres. To sum it up, the highest OE obtained in this series simulation is 
7.4 %, with R = 250nm, h = 50nm.  
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Although there is enhancement with the nano sphere patterned array on a realistic i-layer 
thickness, it is limited and not as great as the percent increase observed in artificially thin 
plasmonic cells reported in the literature [30,48]. The cell performance here is plagued by the 
triangular prism absorption, as have been discussed by Sherry et al.[49]. Radiative damping 
grows significantly with the particle size. For the nano triangular prism arrays with heights 
smaller than 25nm, the radiative damping is low and not able to compete with scattering, thus the 
emission dominates over absorption. With increases in particle sizes the absorption rate is 
comparable to the light emitting rate. As Morarescu added, the aspect ratio of the triangular 
prisms also plays an important role that affects the localized surface plasmon modes [29]. A 
good agreement with this observation can be found in Figure 9c. Clearly for the given spectrum 
range, the absorption is drastically diminished by increasing the aspect ratio. For R=500nm, 
h=50nm, the nano triangular prism absorption profile is flattened to be less than 5 percent 
throughout the spectrum. The sphere arrays, on the other hand, demonstrate greater capability to 
scatter light than the triangular prisms. More importantly, the scattering cross-section of sphere 
spectrally overlaps the a-Si:H absorbing region, the scattered light is more effectively contributes 
to a-Si:H absorption.   
Surface patterning is a balance of art and also the key to access plasmonic enhancement. 
Although NSL offers scalable and inexpensive fabrication, it comes at the cost that the flexibility 
of patterning are limited. Hexagonal arrays are the only possible outcome from a naturally close-
pack structure, leaving little room to the variation in symmetry. Despite the fact that non-closed 
packed structures are made available through NSL [50–52], they are not the naturally occurring 
configuration and thus require additional techniques to assist fabrication, such as employing a 
template [52]. Those add-on techniques challenges the motivation to keep the low-cost 
production possible via NSL. Because of the limitation, the enhancement that can be extracted 
from the structure is not as good as the state-of-art plasmonic a-Si:H cell [30]. However, it does 
open a gate for plasmonic a-Si:H to be commercialized. 
In this study the two conceptual geometries that can be easily accessed from NSL template are 
modeled to prove the concept of plasmonic enhancement from hexagonal array scatterer. The 
result shows clearly how geometry difference can influence plasmonic enhancement, and prove 
that with the same symmetry, particles with irregular shapes are not ideal scatterer for plasmonic 
application. Nevertheless, NSL is a versatile method supports a variety of other geometries and 
patterns that is not covered in this research. It is necessary to continue the work with other 
possible geometries or patterns such as nanocone, nanodots, nanorings, nanopillars which are 
proved to be NSL-compatible. Moreover, selective etching by RIE is commonly implemented to 
adjust the nanosphere sizes. By reducing nanosphere sizes, the silver nanoparticles are able to 
form a connected silver network that greatly improves the top contact conductivity. This could 
be extremely useful to compensate the poor conductivity in ultra-thin ITO. A thinner ITO with 
silver nano network that delivers equivalent conductivity can in turn benefit plasmonic scatterer 
by narrow down the distance to the active layer. Last, the exact anneal geometry of silver nano 
triangular prism is related to the surface wettability and surface tension of silver on ITO, which 
can vary with the ITO quality. Experimental work is required to validates the geometry and 
prove the enhancement. 
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5. Conclusions 
In this study, the plasmonic effect of triangular prism and sphere silver nano arrays fabricated 
using NSL techniques have been studied in detail on a-Si:H solar cells. Scattering from the silver 
triangular prism and sphere arrays deposited on top of conducting ITO layer produce completely 
different cross-section profiles. Well-separated resonant modes are identified in triangular prism 
arrays, with substantial red-shifts found as the triangular prism spacing increases. At the same 
time, the thickness of the silver film tends to overlap two primary resonance peaks into a broad 
peak when increased to above 200nm. Scattering from higher order modes increases 
substantially with greater silver thickness, whereas dipole peaks are less affected. Cross-sections 
in sphere arrays show a continuous, broad peak across the main absorbing spectrum from 300nm 
to 700nm, and the peaks further extend to infrared as the spheres become larger. The broad 
scattering cross-section peak observed is a combination of multiple resonance modes that are not 
well-separated at the UV-visible range. For solar photovoltaic applications, the sphere arrays are 
more beneficial when generating broad scattering peaks than their simulated triangular prism 
array counterparts. 
Plasmonic-assisted cell performance has been investigated in numerous simulations. The factors 
affecting cell performance include absorption, the shielding effect, diffraction, and scattering. In 
the triangular prism array, the parasitic absorption of the silver particles proves to be 
problematic, and although it can be alleviated by increasing the particle spacing, no useful 
enhancement was observed in the triangular prism arrays that were simulated. Sphere arrays, on 
the other hand, can be engineered to be advantageous to PV performance. Broad scattering cross-
sections from the spherical particles create useful scattering fields at certain sizes and spacing. 
For the simulated sphere arrays the highest enhancement found was 7.4%, which was fabricated 
with a 250nm radius nanosphere and a 50nm silver thickness, followed by annealing in inert gas. 
These results are promising and provide a path towards the commercialization of plasmonic a-
Si:H solar cells using cheap and scalable NSL fabrication techniques.  
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